Background: Phosphoinositides are involved in regulating TLR4 signaling. Results: PIP5K␣ knockdown in BV2 microglial cells inhibits LPS-induced inflammatory responses, PIP 2 increase, and TIRAP translocation to the plasma membrane. Conclusion: PIP5K␣-derived PIP 2 facilitates TLR4-mediated microglial inflammatory responses through recruitment of TIRAP to the plasma membrane. Significance: Regulation of PIP5K␣-dependent PIP 2 pool may modulate TLR4-associated immune function in microglia.
Microglia are the resident macrophages enriched in brain tissue that play essential roles in immune surveillance of the central nervous system (1, 2) . Under various pathological conditions, such as brain injury and viral infection, these cells activate immune responses, producing soluble factors, including pro-and anti-inflammatory cytokines, reactive oxygen species, and nitric oxide (3, 4) . Many signaling proteins, including MAPK family members, NADPH oxidase, and inducible nitricoxide synthase (iNOS), 3 as well as transcription factors such as nuclear factor-B (NF-B), are involved in the generation of the inflammatory mediators (5) . Toll-like receptors (TLRs) function as primary transducers of the innate immune system against a wide range of invading microorganisms by recognizing their molecular patterns and triggering immune responses (6) . Most TLRs are expressed in microglial cells and engage in inflammatory responses (7, 8) . In particular, microglia activa-* This work was supported by Research Grant 2011-0013962 from Basic Sci-tion by lipopolysaccharide (LPS), a ligand for TLR4, has been extensively studied (9 -11) .
TLR4 signaling is mediated by distinct recruitment of intracellular adaptor proteins containing the Toll/IL-1 receptor (TIR) domain to the cytoplasmic TIR domain of the receptor (12) . The adaptor proteins include myeloid differentiation factor 88 (MyD88), TIR domain-containing adaptor protein (TIRAP, also called MyD88 adaptor-like), TIR domain-containing adaptor inducing IFN-␤ (TRIF), and TRIF-related adaptor molecule (TRAM). Among TLRs, only TLR4 uses all of these adaptor molecules and transmits immune signals through MyD88-dependent and -independent pathways (13) . Ligation of TLR4 with LPS induces its dimerization and association with TIRAP and MyD88 in the plasma membrane (14 -16) . Activation of this pathway is mediated via multiple signaling cascades including IL-1 receptor-associated kinase 4 (IRAK4), IRAK1, TNF receptor-associated factor 6, inhibitor of B (IB), and IB kinase (13) . IB is phosphorylated by IB kinase and undergoes ubiquitination and proteosomal degradation, which leads to NF-B activation and subsequent production of pro-inflammatory cytokines, such as IL-6 (13, 17) . Next, activated TLR4 is internalized into early endosomes from the plasma membrane in a dynamin-dependent manner (18, 19) . The endocytosed TLR4 utilizes TRAM and TRIF and induces transcriptional activation of interferon regulatory factor-3, causing production of type I IFN (20 -22) .
TIRAP and TRAM have been shown to bind membrane phosphoinositides, the phosphorylated derivatives of phosphatidylinositol (PI), with a broad range of binding affinities (19, 23) . These lipid-protein interactions affect subcellular localization and function of the two adaptors in sequentially activated TLR4 signaling pathways. In particular, TIRAP has a higher affinity for PI 4,5-bisphosphate (PIP 2 ) and localizes to the plasma membrane due to the interaction of its NH 2 -terminal 15-35 amino acid residues with PIP 2 (23) . Notably, TIRAP mutants that do not bind PIP 2 fail to induce IL-6 production by LPS in macrophages, demonstrating a critical role of PIP 2 in TIRAP-dependent TLR4 signal transduction (23) . The major pathway of PIP 2 synthesis in mammalian cells is phosphorylation of PI 4-phosphate by the type I PI 4-phosphate 5-kinase (PIP5K) family members including PIP5K␣, PIP5K␤, and PIP5K␥ isoforms (24 -26) . However, which isoform of PIP5K is responsible for TIRAP regulation has yet to be determined. PIP 2 is relatively abundant in the plasma membrane, where this lipid critically regulates many physiological events, including phagocytosis, receptor endocytosis, lipid-mediated cell signaling, and actin cytoskeletal reorganization (25, (27) (28) (29) (30) (31) . One explanation for such important regulatory functions of PIP 2 is that it interacts with cytosolic proteins and recruits them to the plasma membrane. In fact, diverse cytosolic proteins involved in membrane events express PIP 2 recognition domains, including pleckstrin homology and phox homology domains (32) . Generally, the PIP 2 concentration remains low under resting conditions but can be increased via PIP5K by various extracellular stimuli, such as growth factors (33, 34) . Thus, the molecular aspects of PIP5K-driven PIP 2 formation in specific circumstances have become the subject of much research interest (35, 36) . Previously, we found enhanced expression of PIP5K␣, an isoform of PIP5K, and increased PIP 2 in LPS-stimulated BV2 microglial cells and rat primary microglia, implying a functional role of PIP5K␣ in microglial activation (37) . In this study, we have addressed the details of direct regulatory effects of PIP5K␣-mediated PIP 2 production on TIRAP localization and TLR4-mediated inflammatory responses in microglia. Here, we present evidence that PIP5K␣ positively regulates TLR4-mediated microglial inflammation by recruiting TIRAP to the plasma membrane.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-Most chemicals, including LPS (a serotype of Salmonella enterica), DMEM, BSA, puromycin, Polybrene, paraformaldehyde, poly-L-ornithine, Griess reagent, staurosporine, anti-FLAG M2 affinity gels, a rabbit polyclonal antibody (pAb) to PIP5K␥, and mouse monoclonal antibodies (mAbs) to ␣-tubulin and FLAG, were purchased from Sigma. FBS and penicillin/streptomycin were obtained from Hyclone (Logan, UT). Goat pAbs to PIP5K␣, PIP5K␤, and ␤-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit pAbs to Akt, phospho-Akt (Ser-473), p42/44 MAPK, phospho-p42/44 MAPK (Thr-202/Tyr-204), p38 MAPK, phospho-p38 MAPK (Thr-180/Tyr-182), JNK, phospho-JNK (Thr-183/Ty-r185), caspase 3, and poly(ADP-ribose) polymerase, as well as rabbit mAbs to NF-B p65 and phospho-NF-B p65 (Ser-536), and a mouse IB-␣ mAb were purchased from Cell Signaling Technology (Beverly, MA). A rabbit pAb to iNOS and a mouse mAb to HA were obtained from Upstate Biotechnology (Lake Placid, NY) and Covance (Richmond, CA), respectively. A mouse IgM mAb to PIP 2 was from Echelon Biosciences (Salt Lake City, UT). Rabbit pAbs to TIRAP were purchased from Abcam (Cambridge, MA) and Abnova (Taipei, Taiwan). Lipofectamine 2000, Lipofectamine RNAiMAX, Opti-MEM I, goat serum, Hoechst 33342, and Alexa Fluor-conjugated secondary antibodies were purchased from Invitrogen.
Expression Constructs-FLAG-or monomeric red fluorescent protein (mRFP)-tagged mouse PIP5K␣ was described previously (37) . HA-tagged mouse PIP5K␣ was provided by Volker Haucke (Freie Universität Berlin, Germany). A kinase-dead mutant of human PIP5K␣ (D309N and R427Q) was provided by Richard Anderson (University of Wisconsin, Madison), and the PIP5K␣ insert was cut and ligated into the SacI-EcoRI sites of the pEGFP-C2 vector. Mouse type I PIP5Ks cloned into pcDNA3-Myc vector were used as DNA templates for quantitative real time PCR (qRT-PCR) analysis. The YFP-tagged tubby mutant (R332H) was provided by Andrew Tinker (University College London, UK) (38) , and TIRAP-GFP and HA-TIRAP were gifts from Ruslan Medzhitov (Yale University). PCR-amplified inserts of Tubby or TIRAP were subcloned into the EcoRI-XhoI sites of the mRFP-pcDNA3 vector to generate mRFP-Tubby-R332H and mRFP-TIRAP. The recombinant plasmids were confirmed by DNA sequencing (Genotech, Daejeon, Korea). FLAG-MyD88 was purchased from Addgene (plasmid 13093). The reporter plasmids of thymidine kinase promoter-Renilla luciferase (pRL-TK) and 5ϫNF-B-luciferase (pNF-B-Luc) were gifts from Eun-hye Joe (Ajou University, Korea) (39). HA-endophilin 1 and FLAG-PICK1 (protein interacting with protein kinase C 1) were gifts from Pietro De Camilli (Yale University) and Young Ho Suh (Ajou University), respectively. All plasmids were purified using an EndoFree plasmid maxi kit (Qiagen, Hilden, Germany).
PIP5K␣ Knockdown (KD)-Five MISSION shRNA clones of mouse PIP5K␣ (NM_008847.2; a protein of 546 amino acids) inserted into pLKO.1 vector (TRCN0000024514 to TRCN0000024518) were purchased from Sigma. A nontarget (NT) shRNA sequence cloned into the pLKO.1 vector was included as a control. Each pLKO.1 shRNA construct was cotransfected with the Mission Lentiviral Packaging Mix (Sigma) into HEK293TN cells (System Biosciences, Mountain View, CA) using FuGENE 6 (Roche Applied Science), and pseudo-lentiviral particles were produced according to the manufacturer's instructions. BV2 cells were infected with the recombinant lentiviruses in the presence of Polybrene (8.0 g/ml) for 2 days and then cultured with fresh complete media containing puromycin (2.0 g/ml) for 3-4 weeks to select PIP5K␣ KD cells. PIP5K␣ expression level was routinely tested by Western blot and qRT-PCR analyses. BV2 cells stably expressing the PIP5K␣ shRNA targeting the sequence CCATTACAAT-GACTTTCGATT (TRCN0000024515, referred to as shRNA-15) or GCCTCTGTCATGCCTGTTAAA (TRCN0000024517, referred to as shRNA-17) were chosen for further experiments. In the case of siRNA-mediated PIP5K␣ KD, a pool of three PIP5K␣ siRNAs or control siRNA (Santa Cruz Biotechnology) was mixed with Lipofectamine RNAiMAX in Opti-MEM I media according to the supplier's protocol. BV2 cells and RAW264.7 cells were incubated with the complexes (final concentration of siRNA ϭ 20 nM) for 48 h.
Cell Culture and LPS Treatment-RAW264.7 (a mouse macrophage cell line), HEK293T, and HeLa cells were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin. PIP5K␣ KD BV2 cells were grown in DMEM supplemented with 5% FBS and antibiotics at 37°C in a humidified atmosphere of 5% CO 2 and 95% air and were routinely subcultured every day at a split ratio of 1:3 (37) . For sample preparations, equal numbers of control and PIP5K␣ KD cells were plated into culture dishes at a density of ϳ5 ϫ 10 4 cells/cm 2 overnight and treated with LPS (100 ng/ml) under the indicated conditions. RAW264.7 cells were treated with LPS in a similar manner.
Western Blot Analyses-Cells were harvested in cold lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM Na 3 VO 4 , 5 mM NaF, and 1% Triton X-100) containing protease inhibitor mixture tablets (Roche Applied Science) and solubilized on ice for 5 min. After clearance by centrifugation (15,000 ϫ g, 20 min, 4°C), the protein concentration of the cell lysates was determined using bicinchoninic acid protein assay reagents (Pierce). Equal amounts of proteins in Laemmli sample buffer were loaded onto resolving gels, separated by SDS-PAGE, and transferred to nitrocellulose membranes (Schleicher & Schuell). Following blocking with 5% nonfat milk in TBS containing 0.1% Tween 20 (TBST), membrane blots were incubated with the corresponding primary antibodies for 2 h at room temperature or overnight at 4°C, washed three times with TBST, and further incubated with HRP-conjugated secondary antibodies (Zymed Laboratories Inc.). The resulting immune complexes were detected using SuperSignal West Pico chemiluminescent substrate (Pierce).
Band intensities of Western blots were measured using NIH ImageJ software (National Institutes of Health, Bethesda, MD).
qRT-PCR Analysis-Total RNA was purified with a TRIzol lysis reagent (Invitrogen), and cDNA was synthesized from 1 g of mRNA using avian myeloblastosis virus reverse transcriptase (Takara, Japan) according to the manufacturer's instructions. qRT-PCR was performed on a Rotor-Gene 6000 thermocycler (Corbett Research, Sydney, Australia) using a KAPA SYBR FAST Universal 2ϫ qRT-PCR Master Mix (Kapa Biosystems, Woburn, MA) according to the manufacturer's protocols. The following specific primers (Bioneer Daejeon, Korea) were used: sense, 5Ј-CTTGCCTCGGTCAGTCAAAA-3Ј, and antisense, 5Ј-AGCATCCAAAAATAGGCCGT-3Ј for PIP5K␣; sense, 5Ј-AAAACGTGCCTGATGCAAAG-3Ј, and antisense, 5Ј-TGC-CCATGAATAGAAGCAGC-3Ј for PIP5K␤; sense, 5Ј-CGTG-CTCATGCAGGACTTCT-3Ј, and antisense, 5Ј-AGTAGCG-GAAGGCAACAGGT-3Ј for PIP5K␥; sense, 5Ј-TCCTGTGT-AATGAAAGACGGC-3Ј, and antisense, 5Ј-ACTCCACTTT-GCTCTTGACTTC-3Ј for IL-1␤; sense, 5Ј-CCTTCCTACCC-CAATTTCCA-3Ј, and antisense, 5Ј-CGCACTAGGTTTGCC-GAGTA-3Ј for IL-6; sense, 5Ј-CTTCTGTCTACTGAACTTC-GGG-3Ј, and antisense, 5Ј-CAGGCTTGTCACTCGAA-TTTTG-3Ј for TNF␣; and sense, 5Ј-GCCTTCCGTGTTCCT-ACC-3Ј, and antisense, 5Ј-CCTCAGTGTAGCCCAAG-ATG-3Ј for GAPDH. PCR parameters were as follows: 1 cycle of 95°C for 2 min, followed by 40 cycles each, including three steps, 95°C for 3 s, 55°C for 15 s, and 72°C for 15 s. Generation of a single gene-specific PCR product was confirmed by melting curve analyses. All PCR samples were prepared in triplicate for each gene. Cycle threshold (Ct) values were calculated for each gene and normalized to those of GAPDH (a housekeeping gene). The relative mRNA expression levels were determined by the 2
Ϫ⌬⌬Ct method using Rotor-Gene 6000 software. Cytokine ELISA-Cells were seeded in 35-mm dishes (5 ϫ 10 5 cells per dish) overnight and treated with LPS for the indicated times. Collected culture media (2 ml) were cleared by centrifugation, and aliquots (100 l) of the media were assayed for mouse IL-6 and TNF␣ production. Amounts of each cytokine were quantified using respective OptEIA ELISA set (BD Biosciences) following the manufacturer's protocol.
NF-B EMSA-Nuclear extracts were prepared from cells treated with LPS using a nuclear Extraction kit (Panomics) and measured for protein concentration with a DC protein assay kit (Bio-Rad) according to the manufacturers' protocols. Electrophoretic mobility shift of NF-B was assayed using the NF-B EMSA kit (Panomics) following the manufacturer's instructions. In brief, nuclear extracts (5 g) were incubated with 10 ng of a biotin-labeled NF-B oligonucleotide probe (AGTT-GAGGGGACTTTCCCAGGC) for 30 min at 15°C in a thermal cycler. The samples were separated on a 6% nondenaturing polyacrylamide gel and transferred to Biodyne B nylon membrane (Pall Life Sciences). After blocking, the membranes were blotted with streptavidin-HRP, and the resulting probe and NF-B complexes were detected by chemiluminescent signal.
Nitric Oxide Measurement-Nitrite concentration in culture media supernatants was determined as an index of nitric oxide production as described previously (40) . Culture media (0.5 ml) were collected from cells in 24-well plates and quickly spun down. Aliquots (50 l) of media were mixed with an equal volume of Griess reagent in 96-well plates and incubated for 5 min at room temperature. Absorbance at 540 nm was measured using a microplate reader, and values were calculated over the linear range of a sodium nitrite standard curve.
Luciferase Reporter Assay-Cells were seeded in 6-well plates overnight and transfected with pNF-B-Luc reporter (2.0 g) diluted in Opti-MEM I media with Lipofectamine 2000 according to the supplier's protocol. pRL-TK reporter (0.2 g) was cotransfected for 24 h to normalize transfection efficiency. After LPS stimulation, luciferase activities were measured with a Dual-Luciferase reporter assay system kit (Promega) according to the manufacturer's protocol.
Transfection and Cell Imaging-HEK293T cells were plated onto 18-mm circular coverslips coated with poly-L-ornithine ϳ16 h prior to transfection. PIP5K␣ expression constructs, together with Tubby, TIRAP, or MyD88, were mixed with Lipofectamine 2000 in Opti-MEM I and added to the cells. Similarly, PIP5K␣ KD BV2 cells were transiently transfected with TIRAP-GFP. Twenty four hours post-transfection, cells were washed twice with 0.22-m filtered PBS and fixed with 4% paraformaldehyde for 20 min at ambient temperature. GFP-, YFP-, or mRFP-tagged proteins were visualized by confocal microscopy as described under "Results."
Immunocytochemistry-PIP5K␣ KD BV2 cells were cultured overnight on 18-mm circular coverslips coated with poly-Lornithine and then stimulated with LPS under the indicated conditions. After fixation as described above, cells were permeabilized with PBS containing 0.25% Triton X-100 for 15 min and blocked for 30 min with PBS containing 10% BSA and 10% goat serum. The inverted coverslips on impermeable Nesco film were stained for 1 h at 37°C with the NF-B p65 antibody (diluted 1:100 in the blocking buffer) in a humidified air-tight container, followed by staining for 30 min with Alexa Fluor 594-conjugated secondary antibody (1:200 dilution). Similarly, PIP 2 was immunostained by sequential incubation with the PIP 2 mouse IgM mAb (1:100 dilution), biotinylated goat antimouse IgM (1:500 dilution; Jackson ImmunoResearch Laboratories), and Alexa Fluor 594-conjugated streptavidin (1:500 dilution; Invitrogen) as described previously (37) . Nuclei were stained with Hoechst 33342 diluted in PBS for 5 min. Cells were washed with PBS between each staining step, finally washed with distilled water, and then dried. Samples were mounted with Prolong Gold anti-fade reagent (Invitrogen). Likewise, HEK293T cells transfected with HA-PIP5K␣ and FLAGMyD88 were stained for 1 h with HA and FLAG (rabbit pAb, Affinity BioReagents) antibodies, followed by incubation for 1 h with Alexa Fluor 488-labeled mouse IgG and Alexa Fluor 594-labeled rabbit IgG antibodies, respectively.
Confocal Microscopy-All images were captured with a Zeiss LSM 510 confocal microscope. The settings were as follows: Plan-Apochromat 63ϫ oil immersion objective lens was used with 405 nm diode laser at 10% output (for Hoechst 33342 excitation) and 543 nm He/Ne laser at 80% output (for PIP 2 and NF-B excitation), each of which was captured with band path 420 -480-nm filter or long path 560-nm filter, respectively. The thickness of the optical slice (pinhole) was adjusted to 0.7 m, and z-stacks were acquired at 50% overlap. When quantitative analyses were performed, the acquisition conditions related to detector sensitivity were maintained at the same level.
Immunoprecipitation-HEK293T cells were cotransfected with FLAG-PIP5K␣ and HA-TIRAP for 24 h. Cell lysates (1.0 mg) were prepared as described above and were incubated for 4 h at 4°C with 15 l of anti-FLAG M2 affinity gel or 5 g of the HA antibody. For HA-TIRAP affinity purification, the immune complex was incubated with 20 l of protein G-agarose beads (Millipore) for an additional 2 h. Wild-type BV2 and HeLa cells were processed for PIP5K␣ immunoprecipitation. After being precleared using 20 l of protein G-Sepharose 4 Fast Flow beads (GE Healthcare), BV2 (1.4 mg) and HeLa (2.8 mg) cell lysates were incubated with 4 g of anti-PIP5K␣ antibody or normal goat IgG (Santa Cruz Biotechnology) overnight at 4°C, and then were incubated with 30 l of the protein G beads for additional 2 h. All immunoprecipitated samples were washed with cell lysis buffer five times and analyzed by SDS-PAGE and Western blotting.
PIP 2 Measurement-PIP5K␣ KD BV2 cells were plated in 60-mm dishes overnight before LPS stimulation. Lipid extraction samples containing PIP 2 were prepared, and the amount of PIP 2 was determined using the PIP 2 mass ELISA kit (Echelon Biosciences) following the manufacturer's protocol. Absorbance at 450 nm was measured using a microplate reader, and PIP 2 was quantified from a standard curve fitted by fourparameter nonlinear regression (SoftMax Pro, Molecular Devices).
Statistical Analyses-All experiments were performed independently at least three times with similar results. Data shown in the graphs are presented as the mean Ϯ S.E. Statistical significance of data was determined using one-way analysis of variance with Tukey's multiple comparison test using Graphpad Software (San Diego). 2 is important for TIRAP-and MyD88-dependent TLR4 signaling pathway activation in macrophages (23) . However, the relevant PIP5K that is responsible for PIP 2 production is unknown. We evaluated relative abundance of the type I PIP5K␣, PIP5K␤, and PIP5K␥ expressed in BV2 microglial cells according to a qRT-PCR standard curve method using known amounts of respective plasmid DNA templates and primer sets (Fig. 1A) . Determination of mRNA abundance of each PIP5K isoform revealed that mRNA expression of PIP5K␣ was higher than those of PIP5K␤ and PIP5K␥ (Fig. 1B) . As a first step to investigate whether PIP5K␣ might play a role in microglial TLR4 activation, we developed stable PIP5K␣ KD cell lines of BV2 microglia. We used a lentiviral shRNA expression system and examined the effects of PIP5K␣ KD on microglial inflammatory responses by LPS. PIP5K␣ shRNA-15 and shRNA-17 significantly reduced PIP5K␣ protein (Fig. 1, C and D) and mRNA ( Fig. 1D ) levels, as determined by Western blot and qRT-PCR analyses, respectively, compared with an NT shRNA as a negative control. PIP5K␤ and PIP5K␥ protein expression was unchanged with both PIP5K␣ shRNAs (Fig. 1C) , indicating the specificity of our KD constructs. PIP5K␣ KD in BV2 micro-
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glial cells was also successfully achieved by transient transfection of siRNA. A pool of three independent siRNAs of PIP5K␣ clearly reduced PIP5K␣ protein and mRNA levels but not PIP5K␤ and PIP5K␥ protein levels (Fig. 1, E and F) . We tested whether stable expression of NT shRNA or PIP5K␣ shRNA-15 might induce apoptotic cell death by measuring cleavage of caspase 3 and poly(ADP-ribose) polymerase, which is generally considered as a marker of apoptosis, using Western blot analysis (Fig. 1G) . As a control for this experiment, wild-type cells were treated with 1 M staurosporine, a well known inducer of apoptosis, for 3 h. In contrast to the wild-type cells exposed to staurosporine, the shRNA-expressing cells did not significantly undergo apoptosis like the normal wild-type cells (Fig. 1G) .
We next examined whether PIP5K␣ KD could influence transcriptional induction of representative pro-inflammatory cytokines by LPS. Although IL-6 and IL-1␤ mRNA levels were increased 1 and 3 h after LPS stimulation in control cells, they were significantly decreased in PIP5K␣ shRNA-15 or shRNA-17 KD cells ( Fig. 2A) . Similarly, LPS-induced transcriptional activations of IL-6, IL-1␤, and TNF␣ were much lower in PIP5K␣ siRNA-treated cells than in control cells (Fig. 2B) . We measured LPS-induced pro-inflammatory cytokines that were released into the culture media. IL-6 ELISA showed relatively low levels of IL-6 production 3 and 6 h after LPS stimulation in PIP5K␣ KD cells compared with the corresponding control cells (Fig. 2C ), which agreed with the changes in IL-6 mRNA FIGURE 1. Establishment of stable PIP5K␣ KD in BV2 microglia. A, qRT-PCR standard curves of the respective PIP5K isoforms were determined using Myc-tagged mouse PIP5K␣, PIP5K␤, and PIP5K␥ plasmids as DNA templates. qRT-PCRs were performed for serially diluted plasmids containing different DNA copy numbers. Measured Ct values were plotted in a linear logarithmic scale, and the formulas were automatically calculated using Rotor-Gene 6000 software. B, cDNA samples from wild-type BV2 cells were analyzed by qRT-PCR using the same primer sets, and Ct values of PIP5Ks were measured. The DNA copy numbers of each PIP5K were determined from the standard curves and normalized to the copy number of PIP5K␥. **, p Ͻ 0.01. C and D, BV2 microglial cells were stably expressed with NT shRNA or PIP5K␣-specific shRNA-15 or shRNA-17 using lentiviral infection. E and F, BV2 cells were transiently transfected with control siRNA or a mixture of PIP5K␣-specific siRNAs. C and E, protein levels of PIP5K␣, PIP5K␤, and PIP5K␥ were analyzed by Western blotting with their specific antibodies. ␣-Tubulin or ␤-actin was used as a loading control. D and F, PIP5K␣ mRNA levels in PIP5K␣ KD cells were measured by qRT-PCR analyses and quantified relative to those in the corresponding control cells. Changes in PIP5K␣ protein expression in C and E, respectively, were quantified in the same manner. G, wild-type BV2 cells untreated or treated with 1 M staurosporine for 3 h and BV2 cells stably expressing NT shRNA or PIP5K␣ shRNA-15 were assayed for cleavage of poly(ADP-ribose) polymerase (PARP) and caspase 3. Cell lysates prepared from the indicated conditions were subject to Western blot analysis of both proteins. Arrows indicate intact and cleaved forms of them. ␣-Tubulin was included as a loading control. levels (Fig. 2, A and B) . Similarly, the remarkable TNF␣ production observed in control cells 3 h after LPS stimulation was diminished in PIP5K␣ siRNA-treated cells (Fig. 2D) . In PIP5K␣ siRNA-treated RAW264.7 macrophage cells, PIP5K␣ expression (Fig. 2E ) and IL-6 production by LPS (Fig. 2F) were also decreased. Induction of iNOS expression, and the consequent increase in nitric oxide production, is a hallmark of chronic brain inflammation by activated microglia (41, 42) . PIP5K␣ shRNA-15 KD cells were less effective inducing iNOS protein expression (Fig. 2G ) and nitric oxide production (Fig. 2H) after LPS stimulation overnight and for 24 h, respectively, compared with control cells. These results indicate that PIP5K␣ can act as a positive regulator of TLR4-mediated inflammatory responses of microglial cells.
PIP5K␣ KD Interferes with LPS-induced Activation of NF-B
Signaling-NF-B is a major transcription factor mediating pro-inflammatory gene expression in the MyD88-dependent TLR4 signaling pathway (14 -16, 43) . Because PIP5K␣ KD reduced LPS-mediated expression of inflammatory mediators, we examined possible alterations in NF-B signaling by PIP5K␣ KD in BV2 microglia. First, we analyzed IB kinase ␤ phosphorylation of the p65 subunit of NF-B at Ser-536 as well as protein degradation of IB-␣, signal transduction events leading to NF-B activation (17, 44, 45) . Phospho-p65 was observed as early as 10 -15 min after LPS stimulation in control cells, it but was barely detectable in PIP5K␣ KD cells for up to 20 min after stimulation (Fig. 3, A and B) . The IB-␣ protein level declined rapidly within 15 min in LPS-stimulated control cells, (E and F) , and their corresponding control KD cells were treated with or without LPS (100 ng/ml) for the indicated times. A and B, mRNA levels of IL-6, IL-1␤, or TNF␣ were measured by qRT-PCR analyses and quantified as fold induction over the levels in unstimulated control KD cells. All transcriptional levels were normalized to GAPDH mRNA levels and determined by the 2 Ϫ⌬⌬Ct method. Cell culture media were collected, and amounts of IL-6 (C and F) and TNF␣ (D) released into the culture media were measured by ELISA. E, PIP5K␣ protein expression was analyzed by Western blotting with anti-PIP5K␣ antibody. G, after overnight incubation, iNOS protein levels were measured by Western blotting. iNOS protein expression was quantified as fold changes over the levels in unstimulated NT shRNA. ␣-Tubulin (E and G) was included as a loading control. H, concentration of nitrite converted from nitric oxide released into the culture media was determined using the Griess reagent 24 h after LPS stimulation. Values in the bar graphs are presented as mean Ϯ S.E. **, p Ͻ 0.01; *, p Ͻ 0.05.
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VOLUME 288 • NUMBER 8 • FEBRUARY 22, 2013 but PIP5K␣ shRNA-15 and shRNA-17 resulted in limited protein degradation during the 30-min period (Fig. 3C) . Following IB-␣ degradation, NF-B is released from the physical restriction imposed by IB-␣ and translocates to the nucleus. NF-B p65 and nuclei were visualized by immunostaining and Hoechst 33342 staining, respectively. NF-B p65 in control and PIP5K␣ 1 h (D--F) . Protein levels of phosphorylated (P, Ser-536) and total (T) NF-B p65 (A, B, and D) and IB-␣ and ␣-tubulin (a loading control) (C and D) were measured by Western blot analyses. E and F, cells were immunostained with a primary antibody against NF-B p65, followed by an Alexa Fluor 594-conjugated secondary antibody. The nuclei were visualized by Hoechst 33342 staining. Cell images were obtained using a confocal microscopy. Scale bars, 20 m. G, nuclear extracts were prepared and processed for chemiluminescence-based NF-B EMSA experiments. Nuclear extracts were incubated with a biotin-labeled NF-B-specific oligonucleotide (10 ng) in the absence or presence of cold NF-B-specific oligonucleotide (660 ng) and further probed with streptavidin-HRP. The arrow indicated shifted DNA probe for NF-B. H, control (NT shRNA) and PIP5K␣ shRNA-15 KD cells were cotransfected with a plasmid of 5ϫNF-B-Luc reporter and a pRL-TK reporter and then treated with or without LPS (100 ng/ml) for 24 h. NF-B activities were measured by luciferase assay, normalized to luciferase activities of pRL-TK, and quantified as fold changes over the control (unstimulated NT shRNA). Values in the bar graph are presented as mean Ϯ S.E. **, p Ͻ 0.01; *, p Ͻ 0.05.
shRNA-15 KD cells remained mainly in the cytoplasm under basal (unstimulated) conditions (Fig. 3E) . Upon LPS stimulation, nuclear translocation of NF-B p65 occurred in control cells but was less significant in the PIP5K␣ KD cells (Fig. 3E) . PIP5K␣ KD by siRNA also interfered with the LPS-induced NF-B p65 phosphorylation and IB-␣ degradation (Fig. 3D) and NF-B p65 nuclear translocation (Fig. 3F ) in RAW264.7 cells.
We next evaluated the DNA binding activity of NF-B using a chemiluminescence-based EMSA experiment. Nuclear extracts were prepared 1 h after LPS stimulation from control and PIP5K␣ shRNA-15 KD cells and compared for binding to a biotin-labeled DNA probe specific for NF-B, resulting in a gel shift. The increase in DNA-protein complex formation was less prominent in the PIP5K␣ KD cells (Fig. 3G) . As expected, the presence of excess amounts of NF-B cold (without biotin-labeled) probe blocked the binding of biotin-labeled DNA probe to NF-B (Fig. 3G) . Finally, we evaluated NF-B transcriptional activity using luciferase reporter assays. pNF-B-Luc containing five tandem repeats of a NF-B consensus binding site, together with pRL-TK as a normalization control, were transiently expressed before LPS stimulation for 24 h. Measurements of luminescent intensity showed that PIP5K␣ shRNA-15 KD exerted an inhibitory effect on LPS-induced NF-B activation (Fig. 3H) . Together, these results suggest that PIP5K␣ is actively involved in the regulation of TLR4-mediated NF-B signaling.
PIP5K␣ KD Attenuates LPS-mediated Activation of p38 MAPK and JNK-Members of the MAPK family, such as p38
MAPK, p42/44 MAPK, and JNK, are important downstream effector molecules that participate in the MyD88-dependent TLR4 signaling, which can lead to NF-B activation (14, 16, 43, 46) . As NF-B signaling pathways were inhibited by PIP5K␣ KD (Fig. 3) , we examined whether PIP5K␣ shRNA-15 KD might also perturb MAPK signaling. We assessed activation of each MAPK by measuring their phosphorylated levels using Western blot analyses after LPS stimulation at different time points. Phosphorylation of p38 MAPK and JNK increased significantly in a time-dependent manner after 15 min of LPS stimulation in both control and PIP5K␣ KD cells (Fig. 4, A-C) . However, LPS-induced phosphorylation of both kinases was relatively attenuated in PIP5K␣ KD cells after 30 -60 min compared with control cells (Fig. 4, A-C) . Treatment of RAW264.7 macrophages with PIP5K␣ siRNA also decreased LPS-induced p38 MAPK and JNK phosphorylation (Fig. 4D) . LPS slightly increased p42/44 MAPK phosphorylation for up to 30 min in control cells (Fig. 4A) . In PIP5K␣ KD cells, the phospho-p42/44 MAPK level was relatively high under basal conditions and modestly increased during the 60 min of LPS stimulation (Fig.  4A) . We included the PI3K activation in these experiments because PI3K is also involved in the MyD88-dependent TLR4 signaling cascades (47, 48) by measuring phosphorylation of its downstream effector Akt. LPS stimulation rapidly increased phospho-Akt levels to maximal levels within 15 min, followed by dephosphorylation to the basal level within 60 min in control cells (Fig. 4A) . The basal phospho-Akt level was higher in PIP5K␣ KD cells than in control cells, somewhat similar to the phospho-p42/44 MAPK levels (Fig. 4A) . However, differences in LPS-induced phosphorylation of p42/44 MAPK and Akt between control and PIP5K␣ KD cells were less remarkable when compared with those of p38 MAPK and JNK. Together, these results suggest an engagement of PIP5K␣ in TLR4-mediated activation of p38 MAPK and JNK. 2 -dependent Manner-Next, we examined whether adding PIP5K␣ back to the PIP5K␣ shRNA-15 KD cells could potentiate LPSinduced TLR4 signaling and inflammatory responses. To test this, we transiently transfected PIP5K␣ shRNA-15 KD cells with empty vector or FLAG-PIP5K␣ and measured changes in TLR4 downstream signaling events, in the absence or presence of LPS, by Western blot analyses. Overexpression of FLAG-PIP5K␣ was confirmed by FLAG immunoreactivity (Fig. 5A) . The magnitude of LPS-induced increased NF-B p65, p38 MAPK, and JNK phosphorylation, as well as the degree of IB-␣ degradation, was significantly higher in the FLAG-PIP5K␣-transfected cells than in vector-transfected control cells (Fig. 5,  A and B) . Consistent with these observations, ELISA measure- 
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ments of IL-6 showed that upon LPS stimulation, FLAG-PIP5K␣-transfected cells produced greater amounts of IL-6 compared with vector-transfected cells (Fig. 5C ).
We next addressed whether the PIP 2 -producing activity of PIP5K␣ was involved in restoring NF-B signaling and cytokine induction by LPS. For this, we compared the effect of a kinase- Overexpression of WT or kinase-dead mutant PIP5K␣ was tested by Western blot analyses with anti-FLAG (A) or anti-PIP5K␣ (D) antibody. A, protein levels of phosphorylated (P) and total (T) NF-B p65, p38 MAPK, and JNK and of IB-␣ and ␣-tubulin (a loading control) were measured by Western blot analyses. B, band intensities in the blots (A) were determined. The ratios of P/T NF-B p65 and IB-␣/␣-tubulin and the P/T ratios of p38 MAPK and JNK were quantified as fold changes over those in unstimulated vector condition and LPS-stimulated vector condition, respectively. C, concentration of IL-6 in the culture media was measured by ELISA. E, PIP5K␣ shRNA-15 KD BV2 cells were transiently transfected with mRFP-PIP5K␣ (wild-type) or GFP-PIP5K␣ (kinase-dead) for 24 h. The fluorescent images were obtained using fluorescent microscopy for estimation of transection efficiency. Scale bar, 50 m. IB-␣ degradation (F and G) and NF-B p65 phosphorylation (F and H) were assessed in the same manner as described in A and B. Transcriptional levels of IL-1␤ (I) and IL-6 (J) were measured by qRT-PCR analysis and quantified as fold induction over the levels in unstimulated vector condition. Values in the bar graphs are presented as mean Ϯ S.E. *, p Ͻ 0.05. dead mutant (D309N and R427Q) of PIP5K␣ that cannot synthesize PIP 2 with wild-type PIP5K␣ in functional rescue experiments (49) . PIP5K␣ shRNA-15 KD cells transiently transfected with either wild-type or kinase-dead PIP5K␣ showed overexpression of their respective proteins at a similar level compared with the control vector-transfected cells, as confirmed by PIP5K␣ immunoblotting (Fig. 5D) . Wild-type (mRFP-tagged) or kinase-dead (GFP-tagged) PIP5K␣ was transiently expressed in the PIP5K␣ shRNA-15 KD cells for quantitatively evaluating the PIP5K␣ reconstitution. Transfection efficiency, assessed by observing mRFP-or GFP-expressing cells, was determined to be ϳ50 -60% (Fig. 5E) . Overexpression of the kinase-dead PIP5K␣ had much less impact on IB-␣ degradation (Fig. 5, F and G) and NF-B p65 phosphorylation (Fig. 5, F and H) by LPS, compared with wild-type PIP5K␣. Likewise, LPS-induced increases in IL-1␤ and IL-6 transcription were potentiated in the PIP5K␣ KD cells complemented with wild-type PIP5K␣ but were not significantly restored by the kinase-dead PIP5K␣ (Fig.  5, I and J). These results suggest that PIP5K␣-driven PIP 2 production is required for activation of TLR4-mediated inflammatory responses.
PIP5K␣ Mediates Recruitment of TIRAP to the Plasma Membrane through PIP 2 Production and Colocalizes and Interacts
with TIRAP-We sought to delineate the molecular mechanisms by which PIP5K␣ and its product PIP 2 facilitated LPSinduced microglial inflammation. PIP 2 -mediated plasma membrane targeting of TIRAP is necessary for MyD88-dependent TLR4 signaling pathways (23) . Thus, we asked whether PIP5K␣-derived PIP 2 could induce plasma membrane localization of TIRAP. To test this, we transfected HEK293T cells with fluorescent protein-tagged constructs and visualized their expression and localization by confocal microscopy. First, changes in PIP 2 levels resulting from transfection of wild-type (mRFP-tagged) or kinase-dead (GFP-tagged) PIP5K␣ were assessed by cotransfected YFP-or mRFP-tagged tubby mutant (R332H), respectively, as a specific probe for PIP 2 . Tubby selectively binds plasma membrane PIP 2 and undergoes membraneto-cytosol translocation according to alterations in lipid concentration (38, 50, 51) . The tubby mutant was previously demonstrated to reflect such PIP 2 changes more sensitively (38) . As expected, the Tubby protein localized exclusively to the plasma membrane and cytoplasm in the wild-type and kinasedead PIP5K␣-expressing cells, respectively, confirming the difference in their PIP 2 -producing activities (Fig. 6A) . TIRAP-GFP coexpressed with wild-type PIP5K␣ showed prominent plasma membrane localization. However, in contrast, mRFP-TIRAP coexpressed with kinase-dead PIP5K␣ showed more cytoplasmic localization (Fig. 6B ). These observations support that PIP 2 produced by PIP5K␣ induces TIRAP membrane translocation.
We tested whether PIP5K␣ might also affect MyD88 subcellular localization by cotransfecting FLAG-MyD88 and either wild-type (HA-tagged) PIP5K␣ or kinase-dead (GFP-tagged) PIP5K␣. MyD88 was distinct from TIRAP because it localized in the cytoplasm as aggregate-like forms (52) , irrespective of coexpression of wild-type or kinase-dead PIP5K␣ (Fig. 6C) . This implies that recruitment of MyD88 to the plasma membrane is not directly mediated by PIP 2 . In addition, unlike MyD88, TIRAP was found to significantly colocalize with wildtype PIP5K␣ (Fig. 6B) , leading us to test a possible interaction between the two proteins. HEK293T cells transfected with FLAG-PIP5K␣ and/or HA-TIRAP were evaluated by FLAG or HA immunoprecipitation. Interestingly, the FLAG and HA immunoprecipitates from the cotransfected samples retained HA and FLAG immunoreactivity, respectively (Fig. 6, D and E) . In contrast, cotransfected HA-endophilin 1 (Fig. 6D) and FLAG-PICK1 (Fig. 6E) were not detected in the FLAG and HA immunoprecipitates, respectively, suggesting a specificity of PIP5K␣-TIRAP interaction. Then, we further examined interaction of the endogenous proteins. PIP5K␣ was immunoprecipitated from BV2 (Fig. 6F) and HeLa (Fig. 6G) cell lysates, and the starting lysates and the resulting pellets were analyzed for the presence of TIRAP. The Western blots and quantification results showed that TIRAP coprecipitated with PIP5K␣, suggesting an in vivo interaction between PIP5K␣ and TIRAP.
LPS Stimulation Induces Dynamic Changes in PIP 2 and Translocation of TIRAP to the Plasma Membrane, Which Is
Impaired by PIP5K␣ KD Cells-Based on the results presented above, we examined the possibility that plasma membrane translocation of TIRAP could occur in LPS-stimulated BV2 microglial cells through PIP5K␣-mediated PIP 2 production. To test this, we first measured changes in PIP 2 by LPS in control or PIP5K␣ siRNA KD cells using PIP 2 immunostaining and confocal microscopy. PIP 2 imaging was performed while viewing Hoechst 33342 channel images to ensure random selection of cells. PIP 2 fluorescence intensities in LPS-stimulated control cells increased up to 30 min but then subsequently declined toward base-line levels for the additional 1 h (Fig. 7A ). In contrast, PIP5K␣ siRNA KD severely impaired the LPS-mediated PIP 2 increase (Fig. 7B) . We also determined the time-dependent effect of LPS on PIP 2 levels in PIP5K␣ shRNA-15 or shRNA-17 KD cells stimulated by LPS and obtained similar results by quantitative image analyses of PIP 2 fluorescence intensities (Fig. 7C) . In a separate experiment, we determined PIP 2 amounts using an ELISA method. Consistent with the results of PIP 2 immunofluorescence, increased PIP 2 after 30 min of LPS stimulation was much greater in control cells compared with PIP5K␣ shRNA KD cells (Fig. 7D) . These results suggest that PIP 2 levels are enhanced by PIP5K␣ following TLR4 activation and decreased through metabolic pathways that mediate PIP 2 hydrolysis.
Next, we transfected control and PIP5K␣ KD cells with TIRAP-GFP and stimulated with LPS under the same conditions described above. TIRAP translocated to the plasma membrane within 30 min and returned to the cytoplasm during the time course of LPS stimulation in control cells (Fig. 8, A and C) , which was consistent with the kinetics of PIP 2 concentration by LPS (Fig. 7A) . However, in PIP5K␣ siRNA KD cells, TIRAP resided mainly in the cytoplasm throughout the 90-min LPS stimulation periods (Fig. 8A) . Similarly, we observed a casual correlation between the changes in PIP 2 level (Fig. 7, C and D) and TIRAP membrane translocation when control and PIP5K␣ shRNA-15 KD cells transfected with TIRAP-GFP were exposed to LPS. TIRAP membrane translocation mediated by LPS was hardly detectable in PIP5K␣ shRNA-15 KD cells, although it occurred in control cells (Fig. 8, B and D) . Similarly, PIP5K␣ siRNA KD cells blocked LPS-induced increase in PIP 2 (Fig. 7E) and plasma membrane translocation of TIRAP (Fig. 8, E and F) in RAW264.7 macrophages. Together, these results suggest that LPS-induced changes in the PIP5K␣-dependent PIP 2 pool can control recruitment of TIRAP to the plasma membrane.
DISCUSSION
The aim of this study was to identify the functional roles of PIP5K␣ in microglial inflammatory responses induced by LPS, a potent activator of TLR4. Previously, PIP 2 was demonstrated to be critical for membrane localization of TIRAP, an essential adaptor for TLR4 signaling (23) . Thus, we also tried to determine whether PIP5K␣ and its lipid product PIP 2 could have a significant role in TLR4-mediated microglial inflammation via regulation of TIRAP. Therefore, we introduced a PIP5K␣ KD system into a BV2 microglial cell model and monitored changes in inflammatory responses, PIP 2 amounts, TIRAP localization, FIGURE 6 . Effect of PIP5K␣ activity on plasma membrane targeting of TIRAP and their colocalization and interaction. HEK293T cells were transfected for 24 h with mRFP-tagged wild-type (WT) PIP5K␣ or GFP-tagged kinase-dead mutant (kd-mut) of PIP5K␣ (A and B) together with YFP-or mRFP-tagged tubby R332H (A) or with GFP-or mRFP-tagged TIRAP (B), as indicated in the cell images. After fixation, fluorescent fusion proteins were visualized under the corresponding channels. C, HA-PIP5K␣ WT or GFP-PIP5K␣ kinase-dead mutant was coexpressed with FLAG-MyD88 in HEK293T cells for 24 h. Cells were immunostained with HA and/or FLAG antibodies, followed by Alexa Fluor 488-and 594-labeled secondary antibodies, respectively. A-C, the fluorescent images were obtained using confocal microscopy. Scale bars, 20 m. D and E, HEK293T cells were transfected for 24 h with FLAG-PIP5K␣ and/or HA-TIRAP as indicated. Cell lysates were immunoprecipitated (IP) using anti-FLAG antibody-conjugated beads (D) or using anti-HA antibody and protein G-agarose beads (E). As a negative control, HA-tagged endophilin 1 (Endo1) (D) and FLAG-tagged PICK1 (E) were cotransfected with FLAG-PIP5K␣ and HA-TIRAP, respectively. Then the immunoprecipitates (IP) and starting lysates (input) were analyzed by Western blotting with anti-FLAG and anti-HA antibodies. The arrow in E indicated IgG heavy chain. Precleared wild-type BV2 (F) and HeLa (G) cell lysates were subject to immunoprecipitation with anti-PIP5K␣ antibody or normal goat IgG. The resulting immunoprecipitation and input samples were analyzed by Western blotting using antibodies against PIP5K␣, mouse TIRAP (F, Abcam), and human TIRAP (G, Abnova). Bar graphs in F and G represented relative band intensities of PIP5K␣ and TIRAP in the PIP5K␣ IP samples normalized to those in input samples. TIRAP band intensities in the control IgG IP were subtracted from those in the PIP5K␣ IP. and TLR4 downstream signaling molecules before and after LPS stimulation. Altogether, our results suggest that enhanced PIP 2 production by PIP5K␣ induces pro-inflammatory responses through TIRAP membrane translocation and subsequent activation of MyD88-dependent TLR4 signaling in LPSstimulated BV2 microglia.
One of the major findings of this study was to reveal that PIP5K␣ is a significant mediator of LPS-induced inflammatory responses in microglia. The effect of PIP5K␣ was dependent on its catalytic activity, as demonstrated by the defects in triggering inflammatory responses by the PIP5K␣ kinase-dead mutant. Our results clearly show that PIP5K␣ potentiated LPSinduced activation of NF-B signaling and phosphorylation of p38 MAPK and JNK. Many studies have shown that NF-B, p38 MAPK, and JNK mediate inflammatory responses to LPS. These observations indicate that the increased generation of pro-inflammatory cytokines by PIP5K␣ in LPS-stimulated BV2 cells is mediated via NF-B, p38 MAPK, and JNK. PIP 2 produced by PIP5K␣ also turned out to be a determining factor for the activation of the intracellular signaling players by LPS. However, because PIP 2 is distributed primarily along the plasma membrane (25) , it is unlikely that PIP5K␣ individually activates each of the signaling molecules. Rather, it is reasonable that PIP5K␣ and PIP 2 affect a convergent event at the cell surface that is upstream of their signaling cascades. TIRAP is indispensable for activation of MyD88-dependent TLR4 signaling pathways in which NF-B, p38 MAPK, and JNK are activated (13) (14) (15) (16) 43) . Our results indicate that PIP5K␣ directs TIRAP to the plasma membrane in a PIP 2 -dependent way. Therefore, a plausible interpretation of our results is that PIP5K␣-derived PIP 2 activates signaling molecules by mediating plasma membrane targeting of TIRAP, thereby contributing to microglial inflammatory responses.
TIRAP and MyD88 are responsible for the early phase of TLR4 activation. It has been shown that TIRAP functions as a sorting adaptor that links MyD88 to activated TLR4 in the plasma membrane, and translocation of the cytosolic protein MyD88 to the plasma membrane requires its interaction with TIRAP (23) . Consistently, we found that PIP5K␣-derived PIP 2 mediated plasma membrane localization of TIRAP but not of MyD88, indicating a specific action of PIP5K␣ on TIRAP membrane localization. In this regard, it is worthwhile to note that Drosophila MyD88 contains a PIP 2 -binding site at the C terminus and localizes to the plasma membrane, similar to mammalian TIRAP (53) . This study demonstrates an evolutionarily conserved sorting adaptor function in innate immunity and the important roles for PIP 2 in the regulation of the Toll signaling at the plasma membrane. However, our results showed interaction of TIRAP with PIP5K␣, raising the possibility that TIRAP binds PIP 2 as well as PIP5K␣. The significant colocalization between TIRAP with PIP5K␣ further implies that PIP5K␣ is closely located to PIP 2 -enriched membranes, where TIRAP is also concentrated. Interestingly, when TIRAP was directed to the plasma membrane in a PIP 2 -independent manner, it did not display functional activity (23) . Efficient redistribution of TIRAP to a PIP 2 -specific membrane region is required for TIRAP-mediated TLR4 signaling. Although TIRAP has a preferential binding affinity for PIP 2 , it also retains broad binding affinities for other phosphoinositides (23) . Therefore, we hypothesize that PIP5K␣ may help place TIRAP into PIP 2 -specific membranes via physical interaction.
A critical issue we wanted to address in this study was whether PIP5K␣-dependent PIP 2 formation could be enhanced by LPS stimulation. In fact, a previous study already presented several lines of evidence that ␤2 integrin CD11b and ARF6 were involved in activation of a certain PIP5K upon LPS stimulation, causing increased PIP 2 (23) . However, a direct effect of LPS on PIP 2 levels in the intact plasma membrane was not well established. In addition, which isoform of PIP5K mediates PIP 2 syn- thesis was still largely unknown. Our results reveal that indeed the concentration of PIP 2 increases in response to LPS. The type I PIP5K isoforms, PIP5K␣, PIP5K␤, and PIP5K␥, were expressed in BV2 microglial cells and thus could potentially mediate PIP 2 production. The results that PIP5K␣ KD remarkably abrogated the LPS-induced increase in PIP 2 support the notion that PIP5K␣ plays a major role in the initial increase in PIP 2 by LPS. However, we cannot completely exclude the possible involvement of PIP5K␤ or PIP5K␥. The increased PIP 2 level by LPS also decreased during the time course of LPS stimulation. Although PIP 2 synthesis depends mainly on the type I PIP5K, multiple enzymatic pathways, including phospholipase C, class I PI3K, and PIP 2 -specific 5-phosphatases such as synaptojanin and oculocerebrorenal syndrome of Lowe that use PIP 2 as a substrate, are available for its degradation (54) . Thus, we suggest that such PIP 2 degradation pathways would account for the observed decrease in PIP 2 . Importantly, under LPSstimulated conditions, we found bi-directional movement of TIRAP between membrane and cytosol depending on dynamic changes in PIP 2 levels, and a disrupting effect of PIP5K␣ KD. These results further corroborate a physiological relevance of PIP5K␣ as a main route of PIP 2 production in recruitment of TIRAP to the plasma membrane. PIP 2 degradation is likely to attenuate MyD88-dependent TLR4 signaling by promoting dissociation of TIRAP from the plasma membrane.
TLR4 in the microglial cells recognizes exogenous toxins as well as endogenous factors, including heat shock proteins and aggregated proteins such as ␤-amyloid peptides (55, 56) . Microglia activate inflammatory responses against harmful environmental substances and also activate phagocytosis that is responsible for their clearance (57) (58) (59) . TLR4 is associated with such immune functions of microglia, and thus this receptor signaling is important for the neuroprotective roles of microglia. However, TLR4-mediated microglial activation has been observed in several neurodegenerative disorders such as Alzheimer disease, indicating that it could also be a risk factor for neurotoxicity (4, 60, 61) . Therefore, the extent and duration of microglial TLR4 signaling should be tightly regulated. Our results provide an insight into the importance of PIP 2 -metabolizing enzymes and the regulatory mechanisms of their catalytic activities in TLR4-mediated microglial activation. In conclusion, we reveal that PIP5K␣ facilitates LPS-induced production of pro-inflammatory cytokines in microglial cells by activating NF-B, p38 MAPK, and JNK signaling. Such functions of PIP5K␣ are mediated at least in part by PIP 2 -dependent plasma membrane localization of TIRAP. Therefore, PIP5K␣ can be considered a novel player participating in TLR4 signaling in microglial cells.
